Abstract. Eph receptor tyrosine kinases and their membranebound ephrin ligands play key roles during morphogenesis and adult tissue homeostasis. Receptor-ligand interactions result in forward and reverse signalling from the receptor and ligand respectively. To delineate the role(s) of forward and reverse signalling in mammary gland biology we have established transgenic mice exhibiting mammary epithelial-specific overexpression of either the native ephrin-B2 or a dominant negative ephrin-B2 mutant incapable of reverse signalling. During pregnancy and lactation overexpression of the native ephrin-B2 resulted in precocious differentiation, whereas overexpression of mutated ephrin-B2 caused delayed epithelial differentiation and in disturbed tissue architecture. Both transgenes affected also mammary vascularisation. Whereas ephrin-B2 induced superfluous but organised capillaries, mutant ephrin-B2 overexpression resulted in an irregular vasculature with blind-ending capillaries. Mammary tumours were not observed in either transgenic line, however, the crossing with NeuT transgenic animals revealed that mutated ephrin-B2 expression significantly accelerated tumour growth and imposed a metastatic phenotype.
Introduction
Unlike other organs, the mammary gland develops mainly in the juvenile and adult organism. With the onset of ovarian function at puberty, the rudimentary epithelial anlagen are induced to proliferate and invade the surrounding fatty tissue giving rise to the primitive epithelial ductal tree characteristic of the virgin gland. During pregnancy the mammary epithelium expands drastically and differentiates until the entire gland is filled with secretory epithelium producing milk to nourish the young. After weaning, the mammary epithelium regresses by massive apoptotic cell death returning to the resting, cycling state in readiness for the next pregnancy (1) . Thus, tissue composition and state of differentiation change drastically according to functional requirements, the end-differentiated state being reached only upon demand. These drastic upheavals also involve the mammary endothelium, which undergoes angiogenic expansion during pregnancy and lactation followed by ordered regression during involution (2) . These developmental processes are regulated by complex cell-cell and cell-matrix interactions, as well as local paracrine and endocrine interactive stimuli. Thus, morphogenesis is a constant theme throughout the mammary life cycle making this organ an excellent model to study embryonic inductive principles maintained in the adult. Ironically, the complex life cycle of the mammary gland renders this organ especially prone to malignant transformation (3) .
The functional unit of the mammary gland, the parenchyma, is composed of secretory and ductal epithelial cells, myoepithelial cells and pluripotent stem cells and is embedded in the mesodermal stroma. Proper functional and spatial development of the mammary gland is strictly dependent on mesenchymal-parenchymal interactions and the inductive role of the mesenchyme is reflected by the presence of paracrine factors in the stroma, modulating epithelial morphogenesis (4) . It has long been established that the differentiative pathway of mammary epithelial cells depends on their position within the ductal system, however, the determinants of positioning and ductal pattern formation are largely unknown (5) . Members of the wnt and Hox gene families, which specify developmental pathways during embryonic development, are also expressed in the adult mammary gland in a developmental stage-specific manner (6, 7) . Furthermore, the Eph receptor tyrosine kinases and their (8) but also in the maintenance of adult tissue homeostasis, including the development of the mammary gland (9) . The Eph receptors and ephrin ligands are membrane-bound proteins whose interaction requires direct cell cell contact. The ephrin ligands fall structurally into two classes: the ephrin-As are linked to the cell membrane by a GPI-tail and the ephrin-Bs are true transmembrane proteins. The Eph receptors, to date the largest family of receptor tyrosine kinases, are classified according to their prefered ligand interaction coorespondingly into EphA and EphB sub-families. Upon ligand interaction the receptors undergo autophosphorylation of the intracellular kinase domain initiating downstream signalling cascades, or forward signalling. Although the ephrins possess no obvious catalytic activity they also activate intracellular signalling pathways, a process referred to as reverse signalling. In the case of ephrin-B receptors, reverse signalling is initiated by phosphorylation of conserved tyrosine residues in the intracellular domain (10) . Thus, interaction of receptor and ligand can provoke bi-directional signalling and mutual cell-cell communication. Termination of cell interaction and signalling can be achieved by different mechanisms. It has been shown that both, receptor and ligand are associated intracellularly with phosphatases capable of reverting phosphorylation (11) . In addition, binding of EphA receptors with ephrin-A ligands can activate an extracellular metalloprotease, ADAM10, which cleaves the ligand and enables disengagement of the cells (12) . Finally, it has been shown that termination of EphB and ephrin-B interaction can be achieved by bi-directional endocytosis of ligand-receptor complexes (13, 14) .
Although a certain preference of receptor-ligand interaction has been observed, both receptor and ligands are promiscuous and can interact with several partners albeit with different affinities. Indeed, there is growing evidence that A class receptors can also interact with B-class ligands and vice versa (15) . In addition, both receptors and ligands can activate and can be activated by a variety of other cell surface molecules. In particular, prominent cross-talk has been described between Eph/ephrin and E-cadherin or integrin molecules (16) . Considering the large variety of molecular interactions, it is not surprising that the cellular responses observed upon receptor or ligand interaction show a broad diversity ranging from cellular adhesion to repulsion. A common theme, however, appears to be the modulation of adhesive and/or migratory properties of cells by targeting the cytoskeleton (15) .
The observation that Eph receptors and their ligands exhibit reciprocal expression patterns during embryonic development has suggested that these molecules play an important role during embryonic development. Indeed, Eph and ephrin family members have been shown to be involved in a variety of morphogenic processes such as gastrulation, segmentation and establishment of tissue boundaries (17) . In particular, EphB4 and ephrin-B2 have been shown to be instrumental in the formation of the embryonic vasculature (18) . In contrast, less is known about the function(s) of Eph and ephrin family members in the adult. Some members are expressed in adult organs such as mammary gland, kidney, lung and at sites of neo-vascularization (19, 20) , others control cell fate along the crypt-vilus axis in the small intestine (21) as well as bone (22) and blood homeostasis (23) and several members have been implicated in tumour development through their capacity of stimulating vascularisation (24) .
The EphB4 receptor was originally isolated from the mature mouse mammary gland (19) . Expression studies revealed that in the mammary parenchyma EphB4 expression was developmentally regulated and hormone-dependent, whereas the expression of its cognate ligand ephrin-B2 was less restricted (25) . Overexpression of EphB4 in the mammary epithelium of transgenic mice interfered with the epithelial growth response and resulted in disturbed tissue architecture. Moreover, EphB4 expression imposed an aggressive and metastasizing phenotype on NeuT induced cancer cells (26) . In order to investigate the role of ephrin-B2 in mammary gland development we have established two transgenic mouse lines overexpressing either the native ephrin-B2 gene or a dominant negative mutant of ephrin-B2 incapable of reverse signalling. These transgenic lines have allowed us to investigate the contribution of forward and reverse signalling in the maintenance of tissue homeostasis in the mammary gland. We demonstrate that expression of the two transgenes in the mammary epithelium exert distinct effects on tissue architecture, vascularization and carcinogenesis. These results suggest that correct ephrin-B2 reverse signalling is indispensable for the maintenance of tissue integrity in the mammary gland.
Materials and methods
Establishment of transgenic mice. An expression cassette consisting of the 1.2 kb MMTV-LTR promoter, a 0.2 kb fragment comprising the SV40 splice donor/acceptor sequence and a 0.3 kb fragment encoding the SV40 late polyadenylation site was used for construction of the transgenes. This expression cassette has previously been used successfully for the establishment of transgenic mice (26) . A fragment of the mouse ephrin-B2 cDNA from position 1 to 1440 depleted of the polyadenylation signal was inserted between the splice donor acceptor sequence and the SV40 polyadenylation signal. To construct the mutant ephrin-B2 transgene, the ephrin-B2 cDNA cloned in pBluescript was digested with Pst I and religated. By means of this restriction digestion a fragment from position 1055 to 1428 was excised thereby eliminating the sequence encoding the intracellular conserved tyrosines but leaving the sequence encoding transmembrane region and part of the intracellular domain (position 856-918) intact. An oligonucleotide encoding three in frame stop codons was cloned into the Pst-site and the entire mutated cDNA was cloned as a Not I fragment into the expression vector. This cDNA encodes a C-terminally truncated ephrin-B2 protein missing the last 36 amino acids. The ephrin-B2 transgenic mice have been established commercially by pronuclear injection of fertilized eggs from a F2 C57Bl6xDBA/2 hybrid cross (Animal Facility of the Centre for Molecular Biology, University of Heidelberg, Germany). The mutated ephrin-B2 transgenic mice have been established in the same manner at the animal facility of the Swiss Institute for Experimental Cancer Research (ISREC), Lausanne. Mouse tail DNA was prepared as described (27) and transgenic mice were identified by PCR using oligonucleotides encompassing position 560-803 (5': 5' AGGAATCACGGTCCAACAAG 3' ; 3': 5' GTCTCCTGC GGTACTTGAGC 3' ) of the ephrin-B2 cDNA. Since in the endogenous gene the primer recognition sequences are separated by an 11450 bp long intron, amplification of a 243 bp long fragment was specific for the transgenes. From each construct two independent lines were obtained. Transgenic mice were crossed over 6 generations with inbred C57/Bl6 mice (Charles River, Wiga, Sulzfeld, Germany) in order to reduce complexity of the genetic background. These transgenic animals were bred to homozygosity. This was confirmed by Southern blotting and biologically by determining the pattern of inheritance. MMTV-LTR-NeuT transgenic mice of the FBV strain were obtained commercially (Charles River). Tumour development was followed in the F1 generation of FBV x C57/ Bl6 crosses.
RNA and protein analysis. For RNA and protein analysis, mammary glands were snap-frozen in liquid nitrogen and stored at -70˚C until required. RNA preparation, Northern blotting and RT-PCR were done, as described previously (26) . The primers used to detect the native ephrin-B2 transgene were directed to position 1113 in the ephrin-B2 cDNA ( 5' TACCACTAAGGACTGCAGAC 3' ) and position 100 of the SV40 polyadenylation site ( 5' GTGGTTTGTCCAAACT CATC 3' ), yielding a specific fragment of 430 bp. For detection of the truncated ephrin-B2 RNA, the 5' primer above was replaced by a primer directed against position 560 of the ephrin-B2 cDNA ( 5' AGGAATCACGGTCCAACAAG 3' ) yielding a specific fragment of 560 bp. Endogenous ephrin-B2 expression was analyzed using the same primer pair as for the analysis of tail DNA. The PCR product was verified by cloning and sequencing. The absence of contaminating DNA was controlled by conventional PCR. For protein analyses, frozen tissue was macerated in SDS-PAGE sample buffer, boiled and subjected to Western blot analysis. Protein concentration was determined visually by amido black staining of 5 μl protein extracts spotted onto nitrocellulose and equal loading was confirmed by coomassie blue staining of the Western blot filters. The production of the anti-mouse ephrin-B2 antibody has been described previously (25) and Western blotting was carried out by conventional methodology (28) .
Histological analyses. Animals were routinely injected intraperitoneally with 200 μg per g body weight of bromodeoxyuridine (BrdU, Sigma, Buochs, Switzerland) in PBS 3 h before sacrifice. The histological examination and whole mount staining employing the fourth inguinal mammary gland was done as described (26) . For semi-thin sections, tissue fragments of ~1 mm 3 were fixed in Karnowsky's solution and processed for electron microscopy. Sections (1 μ) were stained with toluidine blue. Immunohistochemistry was performed as described (25) . The antisera specific for mouse ephrin-B2 and CD31 were raised in our laboratory (25) , whereas the other antisera were obtained commercially: anti-BrdU (Roche Diagnostics, Rotkreuz, Switzerland) anti-E-cadherin and anti-ß-catenin (BD Transduction Laboratories, BecktonDickinson, Basel, Switzerland.), anti-smooth muscle actin (Sigma).
Mercox corrosion casting. Corrosion casts were prepared from the fourth inguinal mammary gland, as described previously (29) . Briefly, the mammary gland was perfused with methylmethacrylate resin (Mercox, Vilene Hospital, Japan) containing 0.1 ml accelerator per 5 ml of resin. After hardening, the mammary glands were removed and the tissue components dissolved by KOH treatment. Samples were mounted, coated with gold and viewed using a Philips XL 30 FEG scanning electron microscope.
Determination of vascular densitiy. Blood vessels were visualized immunohistochemically on sections of lactating mammary glands using an anti-Von Willebrant factor-specific antibody (Roche Diagnostics), as described above. Blood vessels were counted on 5 consecutive visual fields adjacent to the skin using x20 magnification. For each experimental group 10 animals were evaluated.
Results

Characterization of the ephrin-B2 transgenic mouse lines.
As an approach to investigate the role of ephrin-B2 in mammary gland development and function we have established two transgenic mouse lines overexpressing either the native ephrin-B2 cDNA or a 3' truncated dominant negative ephrin-B2 mutant (Fig. 1A) . The resulting mutant protein lacks the Cterminal 36 amino acids which include the 5 conserved tyrosine residues and the PDZ-binding motif. This reverse-signalling deficient mutant ephrin-B2, however, encodes the extracellular moiety and the transmembrane domain thereby allowing membrane localization of the protein and receptor engagement. Both the native and mutant ephrin-B2 cDNAs were placed under the control of the MMTV-LTR promoter which confers expression predominantly to the mammary gland of pregnant and lactating mice (30) .
The two transgenic mouse lines were bred to homozygosity and analyzed for transgene expression during mammary gland development ( Fig. 1B and C) . RT-PCR analysis of RNA prepared from mammary glands of age matched control and transgenic animals revealed that transgene expression was induced during puberty, persisted until ~10 weeks of age and declined thereafter. Transgene expression was again detected in late pregnancy and increased strongly thereafter. During these developmental stages the expression of the endogenous ephrin-B2 was, in comparison, modest. The strong transgene expression was maintained throughout lactation and declined rapidly after weaning (Fig. 1B) . These expression patterns were also reflected at the protein level (Fig. 1C) . The prominent expression of both transgene proteins, particularly of the mutant ephrin-B2, during late pregnancy and lactation suggested that phenotypic consequences could be expected. A direct Western blot comparison of the transgene proteins in extracts of lactating mammary glands confirmed the truncated nature of the mutant ephrin-B2 protein (Fig. 1D) .
Transgene protein localisation in the mammary gland was investigated by immunohistochemistry. Whereas expression of the endogenous ephrin-B2 protein in lactating mammary glands of control females was below detection levels, both transgenes were strongly expressed in the lactating mammary epithelium and localized to the cell membrane (Fig. 1E) .
Transgene expression was patchy in appearance with highly expressing cells being located next to cells with low or no transgene expression.
Deregulated ephrin-B2 expression interferes with the development of the mammary epithelium. Since transgene expression was induced around puberty, we have used BrdU incorporation and whole mount staining of entire mammary glands to analyze transgene effects on the estrogen promoted outgrowth of the mammary epithelium. In control animals, the rudimentary epithelial anlagen began to proliferate in response to the onset of ovarian function at 3.5 weeks of age and strong proliferation could be detected at 4.5 weeks ( Fig. 2A) . At 10 weeks of age the entire fatty tissue was populated by branching ducts with numerous alveolar side structures and cell proliferation had ceased ( Fig. 2D and G) . In contrast, in both transgenic lines the epithelial outgrowth was severely delayed. Almost no cell proliferation was observed in the Fig. 2B and C) . In agreement with this low proliferative activity, the mammary ducts had not reached the borders of the fatty tissue at 10 weeks of age. Moreover, the epithelial ducts exhibited an immature appearance, branching frequency was low and there were still many terminal end buds visible at the expense of alveolar side structures ( Fig. 2E and F) . Proliferation, however, commenced in older animals and could be readily detected in the epithelium of 10-week old transgenic females ( Fig. 2H and I) . Although the epithelial development in transgenic animals caught up to a certain extent with controls, transgenic virgin animals never exhibited a fully developed mammary gland (data not shown).
The major development of the mammary gland occurs during pregnancy when the mammary epithelium prepares for lactation by proliferation and differentiation. During this developmental stage transgene expression was strongly induced and distinct phenotypic consequences could be observed in the two transgenic lines. At day 16 of pregnancy the mammary epithelium of control animals revealed a high proliferative activity (Fig. 3A) . The small lumen of the alveoli and the localization of the nuclei in the centre of the cells illustrate the low differentiation grade of the epithelium. In contrast, the mammary epithelium of ephrin-B2 transgenic females exhibited clear signs of differentiation with modest cell proliferation at day 16 of pregnancy ( Fig. 3B) . The alveoli exhibited a well developed lumen and the irregular appearance of the apical side as well as the material deposits in the lumen indicated that secretory activity had been initiated. By day 18 of pregnancy, proliferation had essentially ceased, differentiation had advanced and the alveolar morphology was comparable to that of the normal lactating state (Fig. 3E) . In the mutant ephrin-B2 transgenic line no gross differences to control animals could be observed at day 16 of pregnancy ( Fig. 3C) , consistent with the observation that transgene expression was induced after this time point. In these females, however, the differentiation process at the end of pregnancy was severely compromised. At day 18 of pregnancy the indications of differentiation were completely absent in the epithelium of the mutant ephrin-B2 females and the morphology resembled the control mid-pregnant stage (Fig. 3F) . Although the differentiation process in these animals did not seem to be initiated, cell proliferation was reduced compared to the controls (Fig. 3C and F) .
Whole mount staining of mammary glands at day 18 of pregnancy served to illustrate the abnormal development of the mammary epithelial tree in the two transgenic lines (Fig. 3G-I ). Compared to the mammary glands of control animals (Fig. 3G) , the lobules of the mammary glands of females overexpressing ephrin-B2 consisted of more and larger alveoli. Furthermore, the lobules were located closer to the main ducts, indicating that the side branches did not invade deeply into the fatty tissue (Fig. 3H) . In contrast, the mammary glands of the mutated ephrin-B2 transgenic females contained fewer lobules with smaller and compacter alveoli as compared to controls (Fig. 3I) . the entire fat pad is normally occupied by secretory epithelial alveoli (Fig. 4A) . Since high transgene protein expression was observed in both transgenic lines during lactation, phenotypic consequences could be expected to be most evident during this developmental stage. Analysis of tissue morphology revealed that the lactating mammary glands of ephrin-B2 transgenic mice exhibited a well-organized structure. Although more fatty tissue remained in these glands than in those of control animals the alveolar units had a normal, functional appearance. Inspection of toluene blue stained semi-thin sections revealed very extensive secretory activity in mammary glands of ephrin-B2 transgenic animals. Specifically, the abundance of milk fat droplets in the alveolar lumen was significantly higher than in control animals (Fig. 4B) . In contrast, lactating mammary glands of mutant ephrin-B2 mice exhibited an irregular morphology. The alveolar structures varied in size and exhibited a disturbed morphology. Regionally, the epithelial cells seemed to have lost contact with their neighbours and protruded into the lumen where apoptotic cells could be observed (Fig. 4C and O) . Although some secretory activity was maintained, the low frequency of milk fat droplets indicates that secretion was impaired (Fig. 4C) . This was also supported by the observation that mutant ephrin-B2 females were only able to nourish small litters (average 4-6 pups) and the pups often suffered from growth retardation. Northern blot analysis of milk protein gene expression revealed no significant differences in casein and whey acidic protein mRNA levels (data not shown) suggesting that the lactational handicap of the mutant ephrin-B2 females was not due to reduced expression of milk protein genes but rather to reduced secretory activity and fat droplet formation.
The secretory capacity of the mammary gland is dependent on the correct differentiation and polarization of the epithelial cells as well as on the presence of myoepithelial cells surrounding the alveoli. The presence and distribution of myoepithelial cells was assessed for by immunohistochemical staining of smooth-muscle actin. In the lactating mammary glands of control animals the myoepithelial cells appeared as a discontinuous layer surrounding and protruding into the epithelium (Fig. 4D) . In the lactating mammary glands of ephrin-B2 transgenic animals the myoepithelial cells were normally arranged around the alveoli comparable to the control (Fig. 4E) . In the lactating mammary glands of mutant ephrin-B2 mice, however, the myoepithelium appeared highly irregular, the borders between epithelium and myoepithelium were not clearly delineated and the myoepithelial cells often appeared cuboidal rather than flattened (Fig. 4F ).
E-cadherin is one of the major proteins involved in epithelial cell-cell contact and the establishment of a polarized phenotype. Intracellularly, ß-catenin is a component of the protein complex connecting cadherin to the cytoskeleton. We have analyzed the presence and localization of these two proteins as an additional parameter of functional epithelial organization. In the lactating mammary glands of control animals, both proteins were localized to the lateral cell membranes (Fig. 4G and J) . Similarly, E-cadherin and ß-catenin were mostly normally localized in the mammary glands of ephrin-B2 overexpressing animals. Only regionally E-cadherin and ß-catenin were homogeneously distributed in the cytoplasm (Fig. 4H and K) . Immunohistochemical detection of E-cadherin in lactating mammary glands of mutant ephrin-B2 transgenic mice irregular E-caherin and ß-catenin localization was more frequent that in ephrin-B2 transgenic mice. In single alveoli, epithelial cells exhibiting correct lateral localization of E-cadherin were located next to cells with homogeneous cytoplasmatic localization (Fig. 4I) . Similarly, ß-catenin was often localized in the cytoplasm and occasionally even in the nucleus (Fig. 4L) . These experiments indicate that predominantly mutant ephrin-B2 expression interferes with the parenchymal organisation and affects the homophilic interaction of the mammary epithelial cells.
In the lactating, differentiated state cell proliferation was rarely observed in the mammary glands of control animals (Fig. 4M) . Interestingly, cell proliferation was frequently seen in lactating mammary glands of both transgenic lines (Fig. 4N and O). BrdU incorporation was evident in alveolar epithelial cells as well as in extra-alveolar cells of myoepithelial or endothelial origin. These results indicate that during lactation the mammary glands of both transgenic lines exhibit an increased cellular turnover. regulation of the vasculature predominantly during embryonic development but also at sites of neo-vascularisation in the adult. Histological examination of lactating mammary glands indicated a preponderance of erythrocytes in the interalveolar space predominantly in the mutant ephrin-B2 transgenic line (Fig. 4C) . Moreover, proliferating endothelial cells could occasionally be observed in these glands (data not shown). This prompted us to investigate the extent and organization of the vasculature using corrosion casting followed by scanning electron microscopy. The vasculature in lactating mammary glands of control animals is composed of a well developed capillary network, the secretory alveoli being enveloped by single capillary honeycombs (Fig. 5A) (2) . A similarly ordered capillary structure was observed in the ephrin-B2 overexpressing lactating mammary glands. However, in contrast to the control animals, the secretory alveoli were consistently enveloped by a bi-or even multilayered capillary plexus (Fig. 5B) . This suggests that overexpression of ephrin-B2 promotes vascular development without interfering with vascular tissue architecture. Inspection of corrosion casts from mutant ephrin-B2 transgenic mammary glands revealed a completely different phenotype. In these glands a surplus of irregularly arranged capillaries was evident with numerous capillary stumps and blind-ending vessels (Fig. 5C ). In addition, determination of the blood vascular density in lactating females revealed that in contrast to control animals and ephrin-B2 transgenic females, exhibiting a vascular density of 7.2±0.83 and 9.4±1.14, respectively, the number of blood vessels with 17.4±1.81 was significantly increased in the mammary glands of mutant ephrin-B2 females. These data suggest that the inhibition of ephrin-B2 signalling disturbs the proper organization and extent of the capillary network.
Reduced tissue integrity and promotion of angiogenesis are hallmarks of tumour progression. We were therefore interested in the tumourigenic potential of the two transgenes. Mammary tumours have not been observed in either line even after multiple pregnancies and an observation period of 2 years. To assess a possible influence of deregulated ephrin-B2 expression on tumour progression, we have crossed these animals with mice bearing the NeuT oncogene under the MMTV-LTR promoter. In the C57/Bl6 genetic background all NeuT transgenic females developed non-invasive mammary adenocarcinoma with a latency interval of 6.5 months after their first pregnancy. In double transgenic females bearing the NeuT oncogene and the native ephrin-B2 cDNA, both the frequency and latency time remained unchanged. In 2 out of 12 animals metastases in the lung were observed (Table I) . Interestingly, in double transgenic mice expressing the NeuT and the mutated ephrin-B2 gene, tumour development was significantly altered. In these animals tumour penetrance was only 75%, however, if tumours developed they appeared after a much shorter latency of 1.5 months. Moreover, in almost all animals the tumours rapidly metastasized to the lungs. In two of these females additional metastases in the liver were observed (Table I ). We have previously described a similar effect of EphB4 overexpression on tumour progression. As in the NeuT/mutant ephrin-B2 mice, NeutT/EphB4 double transgenic females developed metastasizing tumours to the lung after a reduced latency (26) . In these animals, however, liver metastases have never been observed. The histological appearance of the primary tumours and the metastases of Table I . Formation of mammary tumours in transgenic females. ----------------------------------------------------------------------------------------------------- a After first pregnancy.
-----------------------------------------------------------------------------------------------------
- ---------------------------------------------------------------------------------------------------- mutant ephrin-B2 mice was similar, although metastases often exhibited necrotic cells in the center of the nodule (Fig. 6A and B) . Interestingly, immunohistochemical staining with the blood endothelial marker anti-CD31 revealed that the metastases grew within blood vessels (Fig. 6D) as well as within the lung alveolar tissue (Fig. 6E) . Intravascular tumour growth was never observed in the primary mammary tumours (Fig. 6C) . These results indicate that overexpression of EphB4 or inhibition of ephrin-B2 signalling can impose an invasive phenotype on transformed but non-invasive tumour cells.
Discussion
As an approach to elucidate the function of ephrin-B2 in the biology of the mammary gland and to asses the role of forward and reverse signalling we have generated two complementary transgenic mouse lines. The first line exhibits overexpression of the native ephrin-B2 in the mammary epithelium predominantly during pregnancy and lactation. The transgene protein is identical to the endogenous protein and is capable of inducing forward and reverse signalling, of interacting with other signalling partners and of being properly processed upon receptor interaction. In contrast, the second line carries a dominant negative ephrin-B2 mutant which lacks the Cterminal 36 amino acids. This truncation removes not only the conserved tyrosines known to be crucial for reverse signalling, but also the PDZ domain involved in the formation of phosphorylation-dependent and -independent signalling complexes (16) . The mutant protein retains, however, the transmembrane domain and the major portion of the intracellular domain. Similar dominant negative ephrin-B mutants have been successfully used to dissect the cellular responses to forward and reverse signalling in vivo and in vitro. These ephrin-B2 mutant constructs, however, were more extensively truncated (31) (32) (33) . Thus, we cannot exclude that our minimally truncated mutant is still capable of restricted signalling involving so far uncharacterised intracellular amino acid motifs. It has been shown that termination of receptor ligand interaction can be achieved by internalization of ligand-receptor complexes. The correct bi-directional internalization was shown to be dependent on the presence of the intracellular domain of the ephrin molecule, however, the sequence responsible was not identified (13, 14) . We cannot formally exclude that our minimally truncated mutant can still be properly internalized and processed. In summary, our ephrin-B2 mutant is expected to induce forward signalling but to be unable to elicit at least the phosphorylation-and PDZ-dependent reverse signalling. Thus the two transgenic lines allowed us to compare the phenotypic consequences of over-stimulated forward signalling with or without concomitant reverse signalling.
Ephrin-B2 is involved in the development of the mammary epithelium. The mammary glands of the transgenic females were characterized by an altered development of the mammary epithelium. During the estrogen-induced growth phase at puberty, a severe retardation of the mammary epithelial outgrowth and low branching activity was observed in both lines. Since both lines, the reverse signalling competent and incompetent, were similarly affected, we conclude that this effect is brought about by an over stimulation of forward signalling. This hypothesis is supported by the fact that a similar phenotype was observed in females overexpressing EphB4 in the mammary epithelium (26) . Estrogen is a hormonal master regulator of mammary epithelial outgrowth and development. This hormone, however, acts indirectly on the epithelial target cells by mechanisms which in their complexity are not fully understood (34) . We have previously shown that estrogen induces EphB4 expression in the mammary gland whereas the expression of ephrin-B2 is less affected by this hormone (25) . In contrast to most receptor tyrosine kinases, Eph receptors generally lack mitogenic activity and suppress proliferation (35) . It is conceivable that EphB4 serves as a negative regulator of mammary epithelial outgrowth and attenuates the estrogen induced growth phase.
The second massive development of the mammary epithelium occurs during pregnancy, where progesteroneinduced side branching and alveolar differentiation prevails. In this growth phase, distinct phenotypic consequences of transgene expression became evident. Whereas overexpression of native ephrin-B2 led to precocious differentiation of the epithelium, expression of mutated ephrin-B2 resulted in a reduced and delayed development of the epithelium. Opposite effects were also observed during lactation. Ephrin-B2 transgenic females exhibited well-organized mammary glands with prominent secretory activity. In contrast, the lactating mammary glands of females expressing the mutated ephrin-B2 were charcterized by disturbed tissue architecture and reduced secretional activity. This phenotype is very reminiscent of the observations made in transgenic mice overexpressing EphB4 in the mammary epithelium (26) . This suggests that bi-directional or reverse signalling is required for the functional morphogenesis of the mammary epithelium and that uncontrolled forward signalling affects tissue organization and function. We cannot, however, exclude that the observed effects are not (only) brought about by direct EphB4-ephrin-B2 interaction. The fact that endogenous EphB4 expression is low during lactation supports the notion that other mechanisms are also involved in the establishment of the observed phenotypes. Indeed, EphB4-independent mechanisms of ephrin-B2 action have been described, be it through interaction with other EphB or EphA receptors (15) , cross-talk with other transmembrane receptors such as integrins or FGF receptors (16) or by constitutive interaction with PDZ-domain proteins (35) . Although expression of Ephs and ephrins has not been comprehensively studied during mammary gland development, expression of EphB2 and EphA2 has been observed in mammary epithelial cells (19 and unpublished observation) . Moreover, integrins and FGF receptors are acknowledged to play important roles in the development and functioning of the mammary gland (36, 37) .
The homophillic cell adhesion molecules, the cadherins are another class of molecules important for mammary gland organization. E-cadherin is instrumental in the establishment of the polarized epithelial phenotype and is essential for the establishment of the differentiated functional state of the mammary epithelium during lactation (38) . Moreover, differential expression of E-and P-cadherin is responsible for the compartmentalisation of myoepithelial and epithelial cells (39) . Interestingly, a subtle cross-talk between E-cadherin and the Ephs and ephrins has been described (40, 41) . Disruption of the E-cadherin gene led to the down-regulation of EphA2 expression and to the induction of the expression of EphB2, EphB4 as well as of ephrin-B1 and ephrin-B2. This observation led to the suggestion that EphB-ephrin-B signalling is involved in out-growth and migratory processes rather than in cell anchoring (9) . Thus it is tempting to speculate that deregulated expression of ephrin-B2 may influence the expression of E-cadherin. Indeed, in the lactating mammary glands of predominantly the mutant ephrin-B2 transgenic line disturbed expression and localization of E-cadherin and its intracellular or nuclear anchor ß-catenin was observed. Histologically these glands were characterized by a fragile morphology and abundant apoptotic cells in the alveolar lumen, a characteristic very reminiscent of the phenotype described in transgenic mice with a mammary epithelialspecific knock-out of the E-cadherin gene (42) . Taken together these data suggest that inhibition of ephrin-B2 reverse signalling affects cell adhesion by interfering with proper E-cadherin function.
Deregulated epithelial ephrin-B2 expression interferes with vascular development. In addition to the epithelial structures, deregulated expression of ephrin-B2 in the lactating glands also affected the development of the mammary vasculature. Overexpression of native ephrin-B2 stimulated vascular development without interfering with its organisation, resulting in multi-layered capillary rings surrounding the epithelial alveoli. In contrast, the vasculature of lactating mammary glands of transgenic mice expressing the mutated ephrin-B2 was characterized by supernumerary capillaries many of which were apparently blind-ended. This suggests that the epithelial cell induced forward signalling in the endothelium is capable of stimulating the formation of blood capillaries, however, bi-directional signalling between these two cell populations is required for proper capillary organisation. It has been shown that non-endothelial expression of EphB receptors and ephrin-B ligands is essential for the modulation of vascular growth and capillary guidance during embryogenesis (43) . Moreover, fibrin implants presenting the receptor binding domain of ephrin-B2 have been shown to stimulate the formation of capillaries in a chicken CAM model (44) . In this study, however, the question of whether these capillaries form a functional network was not addressed. Given the importance of adequate blood supply for proper organ function we cannot exclude that part of the observed phenotypes in the mammary epithelium are a consequence of the disturbed vasculature.
Several knock-out mouse models created to dissect the role(s) of forward and reverse signalling in vascular formation have yielded contradictory results. Whereas one study documents the necessity of ephrin-B2 reverse signalling (33) , another publication suggests that ephrin-B2 reverse signalling is not required for vascular development (31) . These contradictory results may be explained by differences in the constructs used or the different experimental concepts (rescue of phenotype vs. induction of phenotype). Since in these experiments the ephrin-B2 mutation was effective in the entire organism, no conclusion can be made as to whether the observed phenotype was due to defective signalling in the endothelial cells and/or in the surrounding tissue. The different vascular phenotypes observed in our transgenic animals indicate the importance of ephrin-B2 reverse signalling in non-endothelial cells for the correct organization of the vasculature. However, we cannot conclude if the observed phenotypes are due to a direct interaction between the epithelial and endothelial cells or are mediated by an additional cell type such as myoepithelial or stromal cells. Although the endothelial and epithelial compartments are mostly separated by at least the basement membrane hindering direct cell-cell contacts, interactions between endothelial and epithelial cells have been shown to be crucial not only for vascular development but also for branching ductal-alveolar morphogenesis (45) . In our transgenic animals endothelial-epithelial cell contacts may be facilitated by the disturbed arrangement of the myoepithelial cells thereby promoting the effects on the mammary endothelium. Alternatively, transgene expression might indirectly influence angiogenesis by inducing the expression of angiogenic factors in the epithelium itself or in the myoepithelium (45, 46) .
Inhibition of ephrin-B2 reverse signalling promotes tumour progression. Ephs and ephrins are modulators of cell movement and pattern formation and are involved in the maintenance of tissue homeostasis. Thus, an important issue to address is the question whether they are also involved in carcinogenesis. We have not observed development of mammary tumours in the two ephrin-B2 transgenic lines, indicating that perturbed EphB4/ephrin-B2 signalling per se is not sufficient to induce cellular transformation. The crossing of these mice with MMTV-NeuT transgenic animals, however, revealed that the native and the mutant ephrin-B2 exerted distinct effects on the growth characteristics of NeuT induced mammary tumours. Whereas expression of the native ephrin-B2 did not significantly alter the tumour latency and only minimally the tumour invasiveness, expression of the mutant ephrin-B2 led to rapid tumour development and a high metastatic potential. The observation that more metastatic nodules were found within vessels than within the alveolar tissue suggests that metastatic cells attach to and grow to the endothelium before seeding into the lung tissue. The consequences of mutant ephrin-B2 expression resembled closely the effects of EphB4 expression with respect to malignant growth (26) . This indicates that unscheduled stimulation of forward signalling favours tumour progression. It seems that in the context of the mammary gland, ephrin-B2 expression in the epithelium exerts a surveillance function controlling the responses to EphB4 activation. This notion is further supported by our previous observation that the endogenous ephrin-B2 gene is down-regulated in c-myc or Ha-ras induced mouse mammary tumour cells (25) .
It has been shown that expression of EphB4 on tumour cells promotes tumour growth by stimulation of vascularisation (47) . The authors elegantly show that this effect is independent of the EphB4 kinase activity indicating that the reverse stimulation of endothelial cells is mainly responsible for this effect. Interestingly, results obtained in a mouse xenograft model indicate that the interaction of EphB4 on tumour cells with ephrin-B2 on adjacent tumour cells suppresses carcinogenic growth. In contrast, tumoural EphB4 expression in the absence of ephrin-B2 promotes tumour growth (48) . Moreover, EphB4 expression promotes progression of ovarian cancer (49) and correlates in endometrial cancer with unfavourable prognosis and outcome of the disease (50, 51) . In our transgenic mouse model induction of tumour progression was observed in mice overexpressing the reverse signalling defective ephrin-B2 mutant or the EphB4 receptor, whereas overexpression of the native ephrin-B2 gene had little effect. This suggests that tumour progression is favoured by overstimulation of EphB4 signalling only if the adequate ephrin-B2 reverse response is suppressed.
In addition to EpB4, EphA2, one of the few members of the Eph family expressed in adult epithelium, has been found to be up-regulated in various human and mouse cancers and expression of EphA2 has been detected on both tumour cells and endothelial cells of the tumour vasculature (52) . Transfection of EphA2 into normal mammary epithelial cells was sufficient for transformation and this effect was independent of the receptor's kinase activity (53, 54) . In contrast, the kinase activity of EphA2 receptors expressed in endothelial cells was required to promote tumour growth (55) . These observations indicate that the mode of action of Eph and ephrin molecules drastically depends on the cell type they are expressed in, the cell type they are interacting with and the physiological setting in which this interaction takes place.
